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FEF XIER, Monica Xing® , 228 R A

(1. P ENEE KA Rl 5 TR, F % 266100; 2. Deerfield Academy, Deerfield, Massachusetts 01342, USA)
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Adsorption of Cd( I ) Varies with Biochars Derived at Different Pyrolysis

Temperatures

WANG Zhen-yu', LIU Guo-cheng', Monica Xing®, LI Feng-min' , ZHENG Hao'

(1. College of Environmental Science and Engineering, Ocean University of China, Qingdao 266100, China; 2. Deerfield Academy,
Deerfield, Massachusetts 01342, USA)

Abstract: Ten biochars were prepared at different pyrolysis temperatures (300- 600°C ) using peanut shells and Chinese medicine
material residue as raw materials, and were characterized. Adsorption behavior of CA(Il) on these biochars at different solution pHs,
sorption times, and Cd(Il) concentrations was investigated. The C content, surface area, and aromaticity of the biochars increased with
increasing pyrolysis temperature,, while the amount of oxygen-containing functional groups decreased. In addition, the content of inorganic
minerals (e.g. , Ca/Mg carbonate or phosphate) was enriched, but their solubility was reduced with increasing pyrolysis temperature. As
the solution pHs increased from 2.0 to 6.0, the amount of Cd(Il) adsorbed on the biochars gradually increased, and achieved the
maximum at pH 6. 0. Adsorption processes could be divided into two stages: fast and slow sorption. The rate of Cd(Il) adsorption on
these biochars was regulated by film and intraparticle diffusion, precipitation and ion exchange. With increasing temperature, the
percentage of fast sorption to overall sorption of Cd(Il) gradually decreased. Sharp decrease of oxygen-containing functional groups and
formation of insoluble crystalline minerals reduced the rate of fast sorption on the high-temperature biochars ( =500°C ). For low-
temperature hiochars ( <400°C ), precipitation and ion exchange were the dominant sorption mechanisms. For high-temperature biochars
(=500°C ), more integrated T-conjugated aromatic structures enhanced the contribution of Cd-1r interaction to the overall sorption, but
the formation of phosphate and carbonate minerals probably weakened the sorption. These results will provide important information on
screening biochars as engineered adsorbents to remove or immobilize Cd(II) in contaminated water and soil.

Key words ; peanut shell; Chinese medicine material residue; biochar; adsorption; Cd( II )
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() i, 38 o DURER E 25408 PBCs A1 MBCs 9 75 4

B BE M, R W Ak 2= % B A2 ( Autosorb- 1,
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A 40 mL ¥} 40 mg-L ™' F1 60 mg-L~"fCd( 1)
R, W pH N 6.0 = 0.05, H& A 0.01
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DT A 40 mL 70 mg'L_lﬂ/‘]Cd( D) 7,
47 0.01 mol - L' NaNO, /E 415 5 s fife . i
JN0. 1 mol-L~" HNO, 5¥ NaOH 77 % W pH |
2.0,3.0,4.0,5.0Ff16.0. B.04TE25C FLL 140
remin "' %% 48 h J5 ,7£3 800 remin "' F &> 5 min,
110,22 pum TALUE R, WE uE W b Cd (1) vk B,
Wt 5 R (7) TR AE Y s Cd( ) 1 W B
(mg-g™") :

0. = (e —c)V (7)

m

K, e, Me, 20 W R Cd( 1) 490 46 00 BiFSF- 17 sf f
W (mg L") VA IBIAB(L) ,m AW i
(g).
1.4 WERHAERZR

R R [ 2l 2 2 5 e U B 75 i ( Q) ELR
W B 6 (&, ) XK PBC300 . PBC350 . MBC400
1 MBC600 X 4 45, WE e HAE RFEICA( 1) ik
JET X CAC ) B M BHREPE. BCHIIREE A 5 ~ 100
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YERTS SRR BT, IR R pH 2 6.0 = 0.05.
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LA 140 remin~' ¥E 3% 48 h J5, & Mk L3 800
remin ' B0 5 min, 3 0.22 pm JEE 0 E BE W
Cd( 1) fhyue g, i B 45 W 26 43 9 Langmuir [ 3K

(8) ] A1 Freundlich [ ZX(9) A&, AT .

_ Qe
0. = gt (8)
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Koo, BPEEHREE (mg-1.7") , Q. F1Q, 5051 4F
T 2 A e K B i (mg g ™) LK K A3
Langmuir A1 Freundlich # A & ¥ [ mg-L_l .
(mg-g™') + (mg-L™") "] ,n 4 Freundlich ¥ #X.

S Cd( 1) ¥ B2 A FAAS (M6, Termo
Elemental,%@l) F 228. 8 nm M E. R M
SPSS 17. 0, W fh Fedfi i i Origin Pro 8. 0 1145

2 HR5H®

2.1 AR

PBCs Fll MBCs HY#BR LAk 8 36 1. WA
IR T AR e C B R RN, T O, H
FN B i B MR , 2R W v e A ) o ) e Ak B B
T 0T T A R R £ G AR W i L T R Y L
FMF( Scen ) , T B AR w8 1 AGAAR 300 A R 1 A o e
HIMALESARIE L. R4k (=500°C) 1) H/C
R LEEE /N R T R A Y e ELR S A Y A
25K MAEARR 0/C A0 + N)/C J5E 1 He I 5z e
IR AR G AR REAT R0 PBCs 1 MBCs
BRI T EUE BE A A B i I U E SE TR 4 e
(£1).

R1 EMRAMELEER

Table 1 ~ Physical and chemical properties of biochars
. SCRAR % FTIL A g WP mmol g ey
C 0 H N H/C 0/C (0+N)/C K* Ca®* Mg+ PO}~ ¥ MEHE HEK  /mi-g!

PBC300 60.56 16.46 4.28 1.72 0.07 0.27 0.30 8.40 3.37 1.31 0.39 0.94 1.18 0.27 150. 6
PBC350 61.43 14.06 3.90 1.38 0.06 0.23 0.25 7.43 2,92 1.23 0.30 0.92 1.17 0.25 197.5
PBC400 64.44  14.36 3.19 1.24 0.05 0.22 0.24 7.68 2.92 1.23 0.22 0.46 0.53 0.18 254.7
PBC500 67.05 10.19 2.58 1.18 0.04 0.15 0.17 6.58 1.17 0.30 0.12 0.11 0.20 0.02 342.3
PBC600 68. 19 9.14 1.92 1.08 0.03 0.13 0.15 6.20 0.64 0.12 0.06 0.09 0.18 0.00 353.2
MBC300 59.99 21.36 4.80 3.23 0.08 0.36 0.41 8.08 2.87 1.17 0.69 0.79 1.08 0.31 97.7
MBC350 60.74 20.13 4.48 3.32 0.07 0.33 0.39 8.45 2.78 1.30 0.63 0.69 0.92 0.21 185.3
MBC400 61.05 17.43 3.64 3.31 0.06 0.29 0.34 9.19 2.59 0.97 0.31 0.49 0.87 0.16 278.5
MBC500 65.32  12.94 2.69 2.89 0.04 0.20 0.24 8.68 2.05 0.56 0.24 0.13 0.25 0.01 368.9
MBC600 69.64 10.81 2.10 2.40 0.03 0.16 0.19 8.86 1.52 0.61 0.20 0.03 0.11 0.00 423.3

PBCs #1 MBCs FOZLAMEEANE 1 s, BlEAH
T AR Ak, A= W) e 3 1T E BE A A R R R 7 A
T AR, ATk, CORE B AR IR RS B TR, AL
FWH3 600 ~3 200 em ' fFRIE (—OH ) {1 45 Iz 3h
WA/ N AR e IR AE P e ( =500°C ) 5 @S AR
JERTF 500°C LAJS, B 07 5 CH, W Wi 0 (2 960 ~
2850 em ™) JH A, ML T 721 ~873 em ™' BT A K

CH PR 20 W) S BH &8, & B T 28 9 o v AR i v i
U5 1 RE AT 2> , T 57 A 45 A 3 5 (D7 v A fi
MR (=500C) T, T C =084 5 g i AL i<
PRECE AR R =, Br DR L RN 28 v i ¢ =0
(1600 ~1620 em™") T 500°C J& WL ; DIEL
A7T1 385 em ™ 11 315 em ™ YRR ELA—OH (45
PR AR HE (—COOH) 1 C—O M Wie g, ifi $A4 figt L



4738 AN 5%

B 35 %

BT v 2 TS, A TR AR IR RS R 500°C DL
JRTHIRE 2530 G hh B IR I TR ok
K. Ca fl Mg AETCHLIC R AW £ {H I
Ca® | Mg”* Fl PO}~ & EEHIZMIFRIT(E 1), XL
TIHICERTEERAEY AL N T HRRE | AR

(a) Aromatic C=C
-0H Cfo Aromatic CH
(bonded) 4:.0“2_ Iy}
H cheontd
I

PBC600

PBC500

PBC400

W 3 E

PBC350

PBC300

e T
1
LI T R

PR s
4000 3500 3000 2500 2000 1500 1000 500
e ¥/em™!

) AR, a0 ( Ca, Mg), (PO, ),. Mg,P,0,
SE I AR SRR AR AL s RO
BT Cd (D) BRI B 007 i, T A A ik 38 W 2%
RO X LEE 5, DT AT BERZ A AR P X Cd (1) 1Y
SRR

Aromatic C=C

() .
Aromatic CH
(bonded) -E'CHz—
i N N C-H ! H
: A

MBC600

MBC500

MBC400

W Y FE

MBC350

MBC300

4000 3500 3000 2500 2000 1500 1000 500
P ¥/em™!

1 MBI IMEE

Fig. 1
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T BEE A R BEE R RS FE 120 h B, B WP
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Cd( 1) AWt 43531 7% 36 h T 48 h ik ] 60 h W Fff

B
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FTIR spectra of biochars

Q. M95% L F (K 2) Wik, ABF5EHfE PBCs
F MBCs XFCd (1T ) 11 W BFF- s BF 8] 53531 4 36 h Al
48 h.

AFEICA( ) ¥ BE R, PBCs 11 MBCs XfCd( 1)
AR B0 ZE A0 s 9 B T S48 o =2 i ek 9% L 3 AT
5 (18 3). [Hitk, PBCs F1 MBCs %FCd( I ) fm Bt mT
3R PR 56 0 R o 7 A B B, I W TC AT AR

7 c=40mgL™" =60 mg-L™!

= ; @ MBC300 O MBC300
0.4 | W MBC350 7 MBC350
« MBC400 <] MBC400
P MBC500 [> MBC500
02 L ® MBC600 O MBC600

0 1 i 1 i I i 1
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Fig. 2

TC model of Cd( I ) adsorption on biochars
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Fig. 3 Effects on the phase contact time on Cd( Il ) adsorption on biochars

F2 W—RAFEFE, BRI NEHE, BRAT EANEERNNESSHY
Table 2 Fitting parameters of PF-order, PS-order, IPD and TC model for Cd( I ) sorption on biochrs

PF-ord PS-ord IPD TC
. co/mg-! order or el;
Q. k) R Q. kx10° R? b ks R Fra Faow Fpas E o R
PBC300 40 9.96 0.8 0.715 0.35 16.78 1.000 7.48 0.76 0.935 0.83 0.17 1.37  0.12 0.963
60 12.01 0.63 0.554 12.96 6.39 1.000 7.94 1.07 0.984 0.77 0.23 1.18 0.07 0.976
PBC350 40 10.56  0.85 0.576 11.04 14.90 1.000 8.09 0.71 0.967 0.80 0.20 1.65 0.11 0. 964
60 12.24  0.58 0.564 13.24 9.74 1.000 7.77 1.21 0.927 0.73 0.27 .32 0.08 0.953
PBC400 40 7.19  0.64 0.751 7.68 11.62 1.000 4.43 0.79 0.924 0.85 0.15 1.25  0.04 0.988
60 8.41 0.63 0.601 8.98 10.47 1.000 5.47 0.82 0.959 0.71 0.29 1.17  0.11 0.971
PBC500 40 4.14 0.39 0.611 4.61 9.61 1.000 2.09 0.52 0.977 0.68 0.32 0.94 0.05 0. 964
60 4.53  0.42 0.457 5.18 7.43 0.999 2.53 0.45 0.921 0.66 0.34 1.10 0.04 0. 962
PBC600 40 3.91 0.16 0.850 4.28 5.76 0.999 0.97 0.59 0.968 0.37 0.63 1.05 0.07 0.993
60 4.92 0.15 0.796 5.46 3.89 0.998 1.38 0.64 0.970 0.39 0.61 0.81 0.06 0.984
MBC300 40 4.89 0.24 0.745 5.46 5.67 1.000 1.81 0.69 0.939 0.57 0.43 0.8 0.05 0.990
60 6.07 0.19 0.727 6.93 3.18 0.998 1.67 0.90 0.939 0.51 0.49 0.83 0.04 0.975
MBC350 40 4.73  0.19 0.672 5.53 3.57 0.997 1.73 0.57 0.938 0.50 0.50 0.90 0.04 0.977
60 571 0.15 0.765 6.65 2.52 0.996 1.39 0.84 0.951 0.53 0.47 0.83 0.04 0.955
MBCA400 40 9.81 0.16 0.873 10.82 2.15 1.000 2.00 1.66 0.949 0.51 0.49 0.97 0.04 0.984
60 10.98 0.19 0.836 12.12 2.25 1.000 3.05 1.71 0.923 0.50 0.50 0.91 0.06 0.997
MBC500 40 5.30 0.19 0.797 5.96 3.99 0.999 1.53 0.79 0.943 0.49 0.51 0.76 0.05 0.991
60 6.59 0.16 0.853 7.32 3.08 0.999 1.41 1.09 0.979 0.42 0.58 0.79 0.06 0.990
MBC600 40 8.12 0.15 0.877 8.9 2.52 0.999 1.48 1.40 0.957 0.42 0.58 0.78 0.06 0.988
60 9.19 0.17 0.830 10.11 2.49 0.999 2.30 1.44 0.958 0.42 0.58 0.75 0.07 0.981

1)eo HCA( D) BIRIHRR

PBCs 1 MBCs /P fff—25 52 3 K &k, {6 PBC600 11 MBC400 > MBC350 > MBC300 > MBC500
43518 PBC350 > PBC300 =~ PBC400 > PBC500 ~ ~MBC600 , & BRI A= ¥ 5 ( <400°C) XFCd( IT) 1Y
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it I 1 T o, LR TR K, R AU R A
MR 22, PR B2 i 3mSR T A W R xo
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T3 )T R H TR A b Ca, Mg Fl P 24570
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PS-order 15 A M 1R 4 Hu 481 & T PBCs 1 MBCs X
CA(ID) WM Bt (R > 0.996, %% 2), 3 B 4= ¥ 7% %t
CA( T0) fy Wy BfF 5 22 57 b 2% W% BiF A 4 107,
CA( ID) WIAM L I (¢ = 60 mg-L™") 9 Q, {H

RTPAHKEER (¢ =40 mg-L™") ,RWICd( ) 74
Yy b B BB A2 TGS R A R . PS-order 5
RUREEL by SOWE T AR W e X B Cd () 7y
& Hor PBC300 F1 MBC300 4351 B AT e K Y ko {1,
e LA B W FFF- . TPD A R AR S 48L& T 0 ~
12 h A=W %k CA () B B W% B %509 (R? . 0.921 ~
0.984,7%2) , ULV N4 HIUE PBCs A1 MBCs M [
Cd () MR TR Z — | LA 2R (2T sk, 17 3)
HKead R (IPD RERI 22 %0 b: 0.97 ~8.09 mg-g™' ), I
FIIBUR P HIOAS SR M — B il R, R o e 5%
BRI L AN AR R W A R X Cd (TT)
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Fig. 4 Schematic of Cd( Il ) adsorption process and mechanisms on biochar
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VSR pH BG5S el A ) i 11%) 2 THT HA, AT, A AT 5% 1)
WL oy 0 A, HE T 5% W A= g ek Cd () 9 %
B, pH 2.0 ~6.0 Bf, XFiEw b Cd( 1) /v B2 T i
ERM[ES(e) ], HILERE pH 2.0 ~6.0 E R
W5 pH XFCd( 11 ) 7EAE W o bW B B 52 ). 45
WE S s, 78 pH 2.0 B, A= ¥ et cd (1) #1%
B Q. /NT 1.93 mg-g™", WMt fiE F1 8 22 B pH
Fhim, AW X Cd (1) Y W BiE R 38 i, 76 pH
6.0 BB Q, iEEI R (5.36 ~14.5 mg-g™').

T R i 5 o pH 2.0 ~3.77 2" fE pH
2.0 BF AR IEH AT A R R S Cd( 1) Z ) 2
T P L A A AR A S T s A4 0 e L S ) K
B Ca’ M M KT 5ed( 1) 354 0% 7 85, R~
FIFXFCAC ) MR, Bl pH THm, % H
A HE ) 3% TR fep B S R EE Catt | Mg
ALK B F IR0 L5 Cd () a4
BRI 55 , TR Cd (I ) FA R B384 5. PRI ok, 8 8 1Y)
pH(5.0 ~6.0) 4 F]F PBCs fil MBCs X} Cd( II ) #Y
M Bf
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16 2.4 WRRFARIRLR
0~ PBC300 FRAE W2 B 2 7 22 45 R, Bk, FIT Q. K
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i o MBCeo FYE T Cd( 1) £ MBC400 il MBC600 | %7k T
2 4 S Z S5l
< 18
(b) o
‘ 2 3 4 5 6 -
: o REPPY .
70 £ e
B S
2 o0 6
3 PBC300 ® PBC350
g s (© 3 5 MBC400 © MB600
—— Langmuir - - - - Freundlich
40 1 L L 1 1
1 2 3 4 5 6 7 0 I 1 I
pH 0 20 40 60 80
ce/mg-L7!
5 #0%E pH Xt EMIRRMICA( 1) B2 Bl 6 Cd(1I)7 PBC300, PBCiSO, MBC400
Fig. 5 Effects of initial solution pH on ' # MB'C60(') WIS iR
Cd( 1) adsorption on biocahrs Fig. 6 Adsorption isotherms of Cd( I ) onto
PBC300, PBC350, MBC400 and MBC600
%3 Langmuir #1 Freundlich T Mi& 8484 S %"
Table 3 Langmuir and Freundlich isotherm fitting results of Cd( Il ) adsorption
" Langmuir Freundlich
B Q. K, R?xdj K n Ridj
PBC300 14.93 1.57 0.992 6.56 0.23 0. 876
PBC350 15.52 1. 50 0. 994 6. 81 0.23 0. 885
MBC400 13.36 1.25 0.937 6. 05 0.23 0. 969
MBC600 9.55 2.08 0.919 4. 00 0.22 0.978

D) R ABGERIAE R R =1 - (m=1) (1=R*)/(m-p-1), X, m Rl si M p A SHA B

4 Fh A W)k 1Y) Freundlich % 2 n H /N T
0. 23, Uk BH 1% W B o JF 2 1 W B, 2% BR 2B e Xt
CA( 1) HIMZBfHE: 2 FhpL I AR & 1R . 28 )
K ERFEFF A vt Cd (1) 59 W BHIL Ry 85 5
A4 BH 2 - MR, T 2R 2 A W o W G (T
HERTE FIE R T Cd, (PO,), Fl CdCO, TTiE"™ .
IR A= Wy % (< 400°C) T E S AR e A
(—OH, —COOH) Al H5iFW P Cd( ) A8 F38

e, FLAS T Ry A= Wy e 3 TUHE 57 PR 1) B 48U R S
IEHATC( D) 8] i g fi AR, R 3R & pE I
W BFHAERARG . R, I I W ¢ 5 O 2 1V fi
PE PO, SIE W Cd (1) JE BT 3 M i W it
b, B8 7 38 4 AU E VB F Rl B8 A2 IR IR AR W ok (<
400°C ) XfCd( I ) ELA7 %5 i W B 6 1 i S IR 1
TPk (=500°C ) R SEA Y m B35 A 4+ )
FH &S -
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M4 Langmuir F7RY | AAF 5T BEH 4 Fh A= ) i
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Table 4 Maximum adsorption amount of Cd( Il ) onto different adsorbents fitted by Langmuir model

USRS

N PAA T FSc iy m — ; .

i T Tt . g itk
mere /gL /mg-1,"! P /K
200 4 31.9 5 0 ~560 NAD NA [28]

FRLEDIB 350 4 51.4 5 0 ~560 NA NA [28]
INZERE R A 350 ~ 500 NA 6.0 4 5 ~50 5.5 298 [26]
FKRFEFF Y I 350 ~ 500 NA 26.3 4 5~50 5.5 298 [26]
FORFEFFEY R 700 2 52.9 10 0~120 7.0 298 [23]
BARA: Wy 55 400 ~450 NA 0.4 10 112 ~560 5.0 298 [38]
W Bz A= 400 ~450 NA 0.3 10 112 ~560 5.0 298 [38]
FAR B A W o 400 ~450 NA 5.4 10 112 ~560 5.0 298 [38]
FRAEREFF A= Wy o 550 ~ 600 6~8 10.0 1 5~30 6.0 298 [39]
MR NA NA 8.0 5 5 ~80 6.0 298 [27]
RGP NA NA 13.4 5 5 ~80 6.0 298 [27]
1) NA ROEREE AR RS
3 &R AN IS AL ; BCd™ ZALY HOF M T

ZaTe

(1) B PSR RE 10 i, A W e e 1 7 44
I, bR TR R, O A PR NG R T AU RE A
FIATE Ca® | Mg®* | PO}~ Sl /b.

(2) B pH I TFE (2.0 ~6.0) , A= ¥ 5% %}
Cd ( 11) W B 328 v 38 o, W B 4t € pH 6. 0 B 3k %]
oK.

(3) AWt Cd( 1) B B AT 43 Sk PR 56
P B PRI B it A A U B %) S v DR i
() HE A AATG A8 I BRE s . AR A= B 7% ( <400°C) Xt
Cd (1) FAy e B 38 238 K 80 i A= 0 7 ( =500°C)
HCJ PR i A e v B 46U BB AT 1) R B
WERRER | AR TR i IR 1 I AN F T X Cd (D) 1R
MR, AR CA (T PR T 43k 3 BB O
Cd** WA BN A= Wy e e imi ; @Cd® e+

FLNTEPERL . IR A2 B 1, B AL RO
TR/ R S S

(4) UTHE A BS54 i BE IR PBCs 1l MBCs
(<400%C) WHFCA( 1) iy EZHLH; =il PBCs AN
MBCs( =500°C ) HFH S8 & 1Y JLHE 557 A 4540 il 4%
BHE 1-r A1 FHOXE IR R A BT RR I, g X o Wl R £ 1
B BRER AT U BEAER 1 903 X WA R 1) BT K.
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